Cytochrome P450cam catalyzes the hydroxylation of camphor in a complex process involving two electron transfers (ETs) from the iron-sulfur protein putidaredoxin. The enzymatic control of the successive steps of catalysis is critical for a highly efficient reaction. The injection of the successive electrons is part of the control system. To understand the molecular interactions between putidaredoxin and cytochrome P450cam, we determined the structure of the complex both in solution and in the crystal state. Paramagnetic NMR spectroscopy using lanthanide tags yielded 446 structural restraints that were used to determine the solution structure. An ensemble of 10 structures with an RMSD of 1.3 Å was obtained. The crystal structure of the complex was solved, showing a position of putidaredoxin that is identical with the one in the solution structure.
Introduction
Cytochromes P450 (CYPs) are heme-containing monooxygenases, catalyzing hydroxylation reactions of a variety of aromatic and aliphatic compounds [1] . The CYP superfamily is one of the most extensively studied groups of metalloenzymes because of its importance, for example, in steroidal hormone biosynthesis, drug metabolism and degradation of xenobiotic compounds in human beings. Approximately 4000 CYP genes have been identified and at least 57 CYPs have been reported in humans [2] . Cytochrome P450cam (P450cam, also called CYP101) from Pseudomonas putida is the bestcharacterized CYP family member, providing a paradigm for CYP structure and function [3] . P450cam catalyzes the regiospecific and stereospecific hydroxylation of D-camphor by using molecular oxygen and two electrons from NADH. Putidaredoxin reductase (PdR) oxidizes NADH and transfers the electrons to putidaredoxin (Pdx), which shuttles them to P450cam [3] . The two electron transfers (ETs) from Pdx, to the ferric and oxy-forms of P450cam, respectively, differ [4, 5] . Ferric P450cam is able to accept an electron from diverse reducing agents, whereas oxy-P450cam is highly specific for Pdx. With other reductants, such as dithionite, oxy-P450cam generates less than 5% of the maximum amount of hydroxylated camphor [6, 7] . It has been suggested that, in the second ET step, Pdx serves as an effector molecule for P450cam as well as an electron donor [6, 8] . Thus, understanding the interactions between Pdx and P450cam at the atomic level can help us to understand the catalytic mechanism of this enzyme. Site-directed mutagenesis and calorimetric and spectroscopic methods have been applied to study the complex [4, [9] [10] [11] [12] [13] [14] , but unfortunately, a crystal structure of the Pdx-P450cam complex has not been reported. However, the structures of Pdx and P450cam separately have been elucidated [15, 16] . For P450cam, many structures in the closed form have been reported, with various ligands in the cavity near the heme but with no obvious substrate access channel. With very large ligands, the channel is forced open, as was shown in several crystal structures [17, 18] . Recently, also the crystal structure of the substrate-free form in the open state was solved, showing a clear access channel to the active site [19] .
Solving the structure of the complex with conventional NMR structure determination of the complex is challenging due to its size (58 kDa), as well as the paramagnetic nature of the heme and the iron-sulfur cluster, which broadens out many NMR signals. Zhang et al. proposed a model of the oxidized Pdx-P450cam complex based on NMR restraints. In combination with NMR chemical shift perturbations, they used paramagnetic relaxation enhancements (PREs) and residual dipolar couplings (RDCs) to determine the distances and orientations of the complex [14] . This model has been optimized in silico in several studies and used to predict the mechanism of ET from Pdx to P450cam [20, 21] . It cannot, however, account for all mutagenesis results [22] . For instance, it has been reported that the substitution of Arg66 of Pdx significantly alters the affinity for P450cam. This residue has been proposed to be the key residue to participate in salt bridge formation in the binding interface [22] , which is not observed in the model.
Paramagnetic NMR techniques offer a new, alternative method for structure determination of protein complexes [23] [24] [25] . In particular, lanthanide tags provide very useful paramagnetic centers. The introduction of such tags at specific sites on the protein surface causes paramagnetic effects on the NMR signals of surrounding nuclei, both in the same protein and in a bound partner. Due to the very large magnetic moment of unpaired electrons, more than 600 times larger than that of protons, the interactions with nuclear spins extend to tens of angstroms, yielding well-defined, long-range restraints that can be used for structure determination. The paramagnetic effects used in this study are pseudocontact shifts (PCSs), PREs and RDCs induced by partial alignment by the anisotropy of the magnetic susceptibility of the lanthanide. The position of the paramagnetic center needs to be rigid and well defined relative to the protein in order to obtain a high-resolution structure. It has been demonstrated that doublearmed lanthanide tags provide such rigid attachment, which is reflected in large PCSs and RDCs [26, 27] .
Here, we report the structure of the oxidized PdxP450cam complex based on a set of 446 restraints for structure calculation obtained by using three double-armed paramagnetic lanthanide tags attached to Pdx and P450cam. After the structure had been determined, we also solved the crystal structure of the complex. The solution structure based on paramagnetic restraints is represented by an ensemble of 10 structures with an average RMSD from the mean of 1.3 Å for the position of Pdx. The crystal structure is identical with the solution structure within the variation of the ensemble. These results demonstrate the accuracy of the paramagnetic approach for structure determination. The structure shows the details of the molecular interaction and suggests two pathways for the electronic coupling between the metal centers. The NMR data also provide evidence for a minor state or set of states in solution, which could represent the encounter complex.
Results

Protein tagging with lanthanide probes
To determine the structure of the Pdx-P450cam complex in solution, we obtained a set of intermolecular distance and orientation restraints from the effects of paramagnetic tags attached to both proteins. The tags were attached to Cys residues. To avoid interference, we substituted exposed Cys residues at position 334 on P450cam and positions 73 and 85 on Pdx. These substitutions have been used in other studies [28, 29] . Other Cys residues are present in both proteins, but these were found not to interfere with the tagging. The tag used in this work is a caged lanthanide NMR probe (CLaNP), version 7 [30] , which binds covalently to two Cys residues that are in close proximity. The two-point attachment of CLaNP-7 ensures a low mobility of the probe on the protein surface and minimal averaging of the paramagnetic effects. Pairs of surface-exposed cysteine residues were introduced at the proximal side of P450cam, namely, K126C/R130C/C334A (mutant A) and A333C/C334A/H337C (mutant B), as well as on Pdx, namely, V6C/R12C/C73S/C85S (mutant I). The probe attachment site on mutant I is located at the back of Pdx, relative to the FeS cluster, but the positions A and B on P450cam are in proximity of the potential binding site for Pdx; thus, to determine whether CLaNP-7 attached to these sites affects the binding, we determined the dissociation constants for the complex with Pdx using calorimetry and found them to be very similar to the one for Pdx and wild-type (WT) P450cam (Fig. S1 ), indicating that the CLaNP tag does not interfere with complex formation at these locations. Intramolecular PCSs were measured for P450cam and Pdx linked to CLaNP-7 loaded with Yb 3 + and were used to determine the location of the lanthanide ion and the orientation of principal components of the anisotropy of the magnetic susceptibility (Δχ) tensor (see Experimental Procedures for details). This information is required in order to use the intermolecular PCSs as accurate restraints for structure determination. To obtain the restraints, we isotopically labeled the proteins with 15 N and observed the resonances of backbone amide groups in standard two-dimensional heteronuclear correlation spectra. Thus, all NMR restraints are between the tags and backbone amide groups. Pdx was also perdeuterated to improve the spectral quality of the Pdx bound to P450cam. Assignments for Pdx were based on published data [31] , and for P450cam, the assignments of the oxidized, camphor-bound form were based partly on published assignments [32] and extended by comparison with assignments of other forms of P450cam available in the laboratory and the intramolecular PCSs measured with CLaNP-7(Yb 3+ ) (see Experimental Procedures for details).
Intermolecular paramagnetic effects
Three types of interprotein paramagnetic effects were measured: PRE, PCS and RDC. P450cam carrying a CLaNP-7 loaded with a gadolinium ion (Gd 3+ ) induces PRE on isotope-labeled Pdx. As a control, an identical sample was used with CLaNP-7 loaded with a lutetium ion (Lu 3+ ), a diamagnetic lanthanide. The PRE depends on the inverse sixth power of the distance between the Gd 3+ and the nucleus, providing sensitive intermolecular distance restraints.
Thulium (Tm 3+ )-containing CLaNP-7 induces PCS that depend on the position of the nucleus within the frame defined by the Δχ tensor of the lanthanide. Tm 3+ also partially aligns the protein complex in solution causing RDCs that report on the orientation of the protein relative to the Δχ tensor. Representative data of these three paramagnetic effects are shown in Fig. 1 . For mutants A, B and I, in total, 509 intermolecular restraints were obtained (Table 1) .
Structure calculation
The structure calculation of the Pdx-P450cam complex was carried out with Xplor-NIH [34] and using the "pararestraints" facility [35] of Xplor for the PCS and RDC restraints. PRE-derived distance restraints from mutant A and intermolecular RDC restraints as well as intramolecular and intermolecular PCS restraints for mutants A, B and I were applied. Besides these experimental restraints, attractive and repulsive van der Waals forces were applied and Ln ions were restrained with two distance restraints of 8 ± 2 Å to the C α atoms of the two mutated cysteines. The high-resolution X-ray structures of P450cam and Pdx (PDB entries 1DZ4 [16] and 1XLP [15] , respectively) were used. Hydrogen atoms were added to the X-ray structures and the Ln 3+ ions of the tags were positioned at the 15 N resonance position between the spectra is half the J-coupling for the diamagnetic sample and half the J-coupling plus half the RDC for the paramagnetic sample [33] . Spectra were acquired at 14 T (600 MHz).
respective sites with initial Δχ tensors as derived from the intramolecular PCS experiments. During the docking process, the Δχ tensors were optimized in an iterative manner, using both intermolecular and intramolecular restraints. Protein backbones were kept rigid, while side chains in the interface were allowed to be flexible to avoid steric clashes and optimize the interactions. Apart from the experimental restraints and the van der Waals interaction, no energy terms were used in the docking to avoid bias.
The top 10 lowest-energy solutions represent an ensemble with an average backbone RMSD of 1.3 Å (SD = 0.6) relative to the mean (Fig. 2i) . A comparison of experimental (red symbols) and The correlations between observed and back-calculated data were assessed with Q [Eq. (2)]. a Left out in the calculation of the final ensemble because these data were strongly affected by a minor state (see the text). Fig. 2g and h for P450cam) shows that almost all of the PCS and RDC restraints are satisfied. Also, the PRE-derived distances of mutant A agree well with the experimental data. Only mutant B tagged with Gd 3+ shows poor correlations between backcalculated and experimentally obtained distances (Fig. 2f) . For several stretches of residues, stronger PREs were measured than were predicted from the ensemble, and these effects are well outside the error margins. The residual PREs and their distribution over the Pdx surface are illustrated in Fig. S2 . The PRE is known to be extraordinarily sensitive to lowly populated states for cases in which this state experiences a much higher PRE than the ground state. We conclude that the determined ensemble represents the major state that occasionally visits other conformations where Pdx is closer to the Gd 3 + tag at P450cam residues 333 and 337. It is well established that, in ET complexes of weak to moderate affinity, the encounter state is significantly populated [36] . Thus, we attribute the observed dynamics within the P450cam-Pdx complex to an equilibrium between the well-defined, ET active state and the encounter state, similar to what was described for the ET complex of cytochrome c peroxidase and cytochrome c [37] . It cannot be excluded that the CLaNP attached to mutant B in some way induces such a minor state. Further research is required to exclude this possibility and to map the area sampled by Pdx in this encounter state. The final ensemble of the complex was calculated without the PRE restraints from mutant B because they are strongly influenced by the minor state.
Crystal structure determination
Then, the crystal structure was solved to a resolution of 2.5 Å using mutant A of P450cam and Pdx C73S. Crystallization of the binary P450cam-Pdx complex was performed at 16°C using the hanging-drop vapor-diffusion method. The sample dishes were stored for crystallization in an incubator from 1 week to 1 month. Crystals of the P450cam-Pdx complex were cryoprotected by transferring them to a reservoir solution supplemented with 30% (v/v) glycerol; they were then flash-frozen in liquid nitrogen for data collection at 100 K. The structure was solved using molecular replacement, as described in Experimental Procedures. The data processing and refinement statistics are summarized in Table 2 .
Curiously, P450cam is present with the access channel to the heme in the open state, similar to the substrate-free structure of P450cam described by Lee et al. [19] . It is thought that camphor binding induces P450cam to close the channel [19] , and thus, the open state is probably due to the absence of camphor and not to the presence of Pdx in our structure. In the catalytic cycle, Pdx donates an electron to the camphor-bound state only [22] ; thus, it appears counterintuitive that Pdx would induce opening at the same time. This point is discussed further at the end of Discussion. A careful comparison of the Pdx structure in the complex with the reduced and oxidized forms of Pdx [15] suggests that Pdx is in the reduced state in the crystal, which would indicate that it was reduced by synchrotron radiation, as has been reported for free Pdx before [15] .
Pdx is bound at the proximal side of the heme, in the same orientation as found in the solution structure (Fig. 3a ). An overlay of the backbone of Pdx observed in the crystal structure (in red) with those in the solution model (blue) after superposition of the P450cam molecules is shown in Fig. 2i . It can be seen that the position of Pdx in the crystal structure falls within the ensemble observed in solution. The average RMSD for the C α atoms between the mean of the solution structures and the crystal structure is 1.7 Å, which is indeed within the variation of the solution ensemble.
Description of the structure
The backbone structure of Pdx is essentially unchanged upon binding P450cam. The orientations of the side chains are expected to be most reliable in the crystal structure because the NMR restraints used in this study were derived from backbone amide protons only. However, most of them are in very similar positions and conformations. The most striking difference is the orientation of Pdx Tyr33, which is far from P450cam in the solution complex, Values in parentheses are for the shell with the highest resolution.
where F o and F c are the observed and calculated structure amplitudes, respectively.
b R free is an R factor value for a 5% subset of all reflections. c R merge (I) = ∑|I − 〈I〉|/∑ I, where I is the diffraction intensity.
whereas in the crystal structure, it makes contact with Asp125 of P450cam (Fig. 3b ) and the pyrrolidine ring of Pro122 of P450cam lies parallel with the aromatic ring of Tyr33. Kinetic studies have shown the importance of this Tyr residue for the complex formation [22] . Tyr33 is known to be flexible. It is positioned in different orientations in the various structures of Pdx [15] , and in solution, it shows dynamics on the microsecond-to-millisecond timescale in oxidized Pdx [38] . In previous studies, it was suggested that the formation of a salt bridge between Pdx Asp38 and P450cam Arg112 plays a vital role in the binding and ET in the Pdx-P450cam complex [9, 13, 39] . In the crystal and solution structures, the residues are very close and a hydrogen bond can be formed between Asp38O δ1 and Arg112N ε (2.73 Å; Fig. 3c ). The Arg residue is also hydrogen bonded to one of the heme propionates. On the basis of the model of the complex by Zhang et al., Pdx Trp106 has been proposed to function as a recognition site in the PdxP450cam interaction [14] . In the crystal structure, this residue is close to the interface, interacting mostly with P450cam Ala113 (Fig. 3b) . A key residue that seems to stabilize the Pdx-P450cam complex is Pdx Arg66, which interacts with P450cam Glu76 by a salt bridge (Table 3 ). In addition to the prominent electrostatic interactions, the Pdx-P450cam complex is predominantly stabilized by hydrophobic and van der Waals interactions. Table 3 summarizes those residues forming close contacts to the neighboring atoms, being less than 4 Å apart. Val28 of Pdx is positioned in the proximity of Met121 and His361 of P450cam. The part of the Pdx [2Fe-2S] cluster loop including Asp38, Cys39, Gly40, Ser42 and Ser44 interacts with heme-binding loop of P450cam. Another residue suggested to be important by a previous study [22] is P450cam Arg109 that forms a van der Waals interaction with Pdx Met70.
Discussion
We used three different paramagnetic NMR effects to obtain 446 restraints for structural calculations, namely, PCS, PRE and RDC. Tm 3 + -containing CLaNP-7 induces PCSs and RDCs while Gd 3 + -containing CLaNP-7 causes PREs. Due to the difference in the distance dependency, PRE is known to be more sensitive to detect lowly populated states of protein conformations than PCS and RDC [40] . As illustrated in the mutant B, the back-predicted PCSs agree well with experiment and, also, the distances derived from the crystal structure matched those derived from the observed PCSs within error, suggesting that PCS data mostly represent the major form of the complex. On the other hand, most Pdx residues experienced significantly larger PREs than predicted by the major form of the complex. The additional PREs are attributed to a minor state or ensemble of states in which Pdx visits sites much closer to the location B on the Electrostatic interactions/ hydrogen bonds
surface of P450cam. The existence of such encounter states has been well documented for complexes of redox enzymes and electron carrier proteins [36] . It is thought that they facilitate ET by reducing the dimensionality of the search for the binding site [36] . For mutants A and mutant I, no additional PRE was detected, suggesting that, in the encounter state, Pdx mostly faces P450cam with the same face found in the final structure that is located toward the site of mutation B, but not A.
An NMR-based model of the complex has been reported before by Zhang et al. [14] (no PDB entry). The most notable difference between our structure and the model proposed by Zhang et al. is the orientation of Pdx with respect to P450cam. Our structure is rotated by about 90°around an axis roughly perpendicular to the P450cam heme. As a result, the major part of the interaction network in the binding interface differs from the previous model, with the prominent interaction between Pdx Asp38 and P450cam Arg112 being a notable exception. Zhang et al. derived their model by the combination of 23 RDC orientational restraints and seven PRE distances originating from Pdx labeled with a nitroxide spin label at Pdx Cys73 [14] . The experimental distances between Cys73 and the seven amide groups of P450cam were reported and could be compared and a good match was found (Table S2) , given the uncertainty in the location of the radical due to the considerable rotational freedom of the MTSL spin label.
As predicted in the previous studies, extensive hydrophobic interaction networks dominate the binding interface [14] . Site-directed mutagenesis studies have highlighted the importance of Pdx Trp106 for the complex formation [11] . In our crystal structure, the indole ring of Trp106 is located in a hydrophobic pocket formed by carbon atoms from Arg106, Arg112, Ala113 and Asn116 of P450cam. Ala113 appears to be the prominent interaction residue. It allows the bulky side chain of Trp106 to be inserted in the binding interface. Tyr33 of Pdx is another key residue being responsible for the complex formation. Notably, NMR studies demonstrated that both Tyr33 and Trp106 are highly mobile when Pdx is free in solution [38] . The dynamic nature of these residues has also been observed in X-ray crystallography and fluorescence measurements [15, 41] . Presumably, when Pdx binds to P450cam, they play a role as recognition motifs and facilitate binding that is optimal for ET.
The shortest distance between the [2Fe-2S] cluster and heme iron in the ensemble of solution structures is 15.7 ± 0.4 Å and 16.3 Å in the crystal structure. To establish which amino acids contribute most to enhancing the ET between the iron-sulfur cluster and the heme, we used the program HARLEM [42] . The results from HARLEM suggest two coupling pathways (Fig. 3c) [20, 22, 39] . The rate of ET to oxidized P450cam has been reported to be 41 ± 1 s − 1 at 20°C [22] . With the given distance, the maximum, activationless rate is estimated by HAR-LEM to be much larger, on the order of 10 5 s − 1 . This implies that the measured rate can only represent true ET if the reorganization energy is large (N 1.3 eV) , suggesting that the transfer could be gated. It remains unclear what conformational change could represent the gate.
It is interesting to compare the structures of the Pdx-P450cam complex with that of Pdx bound to its other partner, PdR (PDB entry 3LB8 [43] ). The total buried surface area for the PdR-Pdx complex is 1520 Å 2 , larger than that of the Pdx-P450cam complex (1157 Å 2 ). It has been suggested that PdR-Pdx complex formation is driven by one central PdR Arg310-Pdx Asp38 salt bridge and extensive hydrophobic interactions. An important ET coupling pathway between the FAD group in PdR and the [2Fe-2S] cluster in Pdx has been predicted [43] to involve a contact between PdR Trp330 and Pdx Cys39, analogous to the Pdx Cys39-P450cam Leu356 contact in the Pdx-P450cam complex. Together, these results suggest that Pdx shuttles electrons from PdR to P450cam using the same electron entry and exit patch and with very similar interaction modes.
While this manuscript was under review, Tripathi et al. published the crystal structure of the PdxP450cam complex that was obtained via crosslinking of the two proteins [44] . It is interesting to compare our complex with those reported in that study. Tripathi et al. found a position and orientation of Pdx relative to P450cam that is essentially identical with ours. Table 4 lists the interface characteristics of the different structures. The larger variation in the data for the NMR ensemble probably represents the uncertainty in the side-chain positions due to the absence of side-chain restraints. The orientation of some residues in the interface differs between the crystal structures. In particular, P450cam residues Arg109, Asn116 and Leu358 are oriented differently (Fig. 4) . In their structure of the reduced complex 2 (PDB entry 4JX1), Arg109 and Asn116 are hydrogen bonded to Pdx Gln105 and Trp106, respectively, which is not the case in our structure. Arg109 is pointing in another direction, and something similar is seen in the other two structures reported by Tripathi et In conclusion, this work has shown that paramagnetic NMR spectroscopy is able to produce accurate structures of protein complexes in solution. In this case, the backbone structure of the free protein was used and treated as a rigid body. Allowing for backbone rearrangement upon binding is possible in principle with a more extensive dataset. Paramagnetic effects on side chains could also be added to determine details of the interface. The advantage of the approach is that the paramagnetic effects in the complex can be determined rapidly, using only sensitive two-dimensional experiments, such as heteronuclear single quantum coherence (HSQC) and transverse relaxation optimized spectroscopy (TROSY) spectra. This allows application to dilute samples, which is especially relevant for complexes of large proteins.
Experimental Procedures Chemicals
CLaNP-7 was synthesized and chelated to Lu 3+ , Gd
3+
and Tm 3+ ions as reported previously [30] . The plasmids harboring the cDNA of Pdx and P450cam were generous gift from Prof. Stephen G. Sligar, University of Illinois at Urbana-Champaign, USA [46] . The genes were subcloned into the pET28a expression vectors using NcoI and XhoI restriction enzymes, without the use of the His tag sequence. Column material was obtained from GE Healthcare, Munich, Germany.
Mutagenesis
Site-directed mutagenesis was performed using QuikChange protocol (Stratagene, La Jolla, CA).
Protein production
15 N, 2 H-enriched Pdx was produced and purified as previously described [8] with an additional purification step. The resuspended cells [20 mM KP i (pH 8.0), 50 mM KCl, 1 mM DNase and 1 mM PMSF] were disrupted by French press. Following centrifugation at 35,000 r.p.m. for 30 min at 4°C, we loaded the sample on a HiTrap DEAE Sepharose FF anion-exchange column. The protein was eluted with a linear gradient of 0.1-0.4 M KCl in 20 mM KP i (pH 8.0), and the brown fractions were collected. Ammonium sulfate crystals were added (30% w/v), and the solution was stirred for 20 min at 4°C. Subsequently, the sample was centrifuged for 20 min to remove precipitation and the supernatant was applied to a HiTrap Phenyl FF hydrophobic column. The brown fractions containing Pdx were collected after elution with a linear gradient 30-0% ammonium sulfate in 20 mM KP i (pH 8.0). Finally, the pooled fractions were briefly buffer exchanged and concentrated by ultrafiltration using a Centricon (Millipore) and injected into a Sephadex G75 size-exclusion column pre-equilibrated with 50 mM Tris-HCl (pH 7.4), 100 mM Determined with 2P2Idb [45] . a Defined as the ratio of the gap volume and the buried surface area, the gap volume index represents a measure of the surface complementarity.
b This work. c Average of four models in the asymmetric unit [44] . KCl and 1 mM camphor. The fractions with A 325nm /A 280nm larger than 0.68 were pooled and concentrated. The concentration of Pdx was determined with ε 412nm = 11.0 mM −1 cm −1 [47] . Approximately 12 mg of Pdx was obtained from 1 L of culture. Isotopically enriched P450cam variants were produced and purified as previously described for the WT protein [48] . In addition to the established purification protocol, a HiTrap Phenyl FF hydrophobic column was used at the end of purification procedure to obtain a A 391nm /A 280nm value greater than 1.40. Approximately, 50 mg of P450cam was obtained from 1 L of culture.
Ln
3+ -CLaNP-7 labeling
Purified double-cysteine P450cam and Pdx samples were incubated with 5 mM DTT in 20 mM KP i (pH 7.4), 150 mM KCl and 1 mM camphor, for 1 h on ice. DTT was removed by using a PD-10 column. The protein solution was mixed with 7 molar equivalents of Ln 3+ -CLaNP-7 and incubated overnight at 4°C. Unlabeled protein, protein oligomers and surplus of Ln 3+ -CLaNP-7 were removed by three chromatography steps, on a HiTrap Q HP anionexchange column, a HiTrap Phenyl FF hydrophobic column and a Superose 12 size-exclusion column.
To verify the attachment of lanthanide-containing CLaNP-7 (Ln 3+ -CLaNP-7) on proteins, we investigated the intramolecular paramagnetic effects on P450cam and Pdx. [49] were recorded at 290 K on a Bruker Avance III 600-MHz spectrometer equipped with a TCI-Z-GRAD cryoprobe. NMR data were processed in NMRPipe [50] and analyzed in CCPNMR [51] .
NMR assignment
The assignments for oxidized Pdx amide resonances were based on previous work [31] . Sequential assignments of 1-phenyl-imidazole-bound oxidized P450cam and cyanide + camphor-bound oxidized P450cam were obtained using triple-resonance spectra (results to be published elsewhere). These spectra were recorded on Bruker Avance spectrometers operating at 800 and 950 MHz proton Larmor frequencies. Spectrometers were equipped with four RF channels and cryogenic 1 H[ 13 C/ 15 N] triple-resonance probes. However, the two sequentially assigned forms of oxidized P450cam differ with respect to spin state of the heme iron from the camphor-bound P450cam, which is studied here, and also their structures are different [52, 53] . Therefore, only a limited number of assignments could be transferred reliably to camphor-bound oxidized P450cam. A previously published partial assignment of oxidized P450cam was used to extend the assignment [32] , and finally, the PCS of Yb 3+ -tagged and Tm 3+ -tagged P450cam were used to validate and extend the assignments of the 15 N-1 H TROSY spectra of oxidized Ln 3+ -CLaNP-7-labeled P450cam. In total, 175 backbone amide signals in the TROSY spectra Lu 3+ -CLaNP-7-labeled oxidized P450cam with camphor bound could be assigned. Of these assignments, 64 have not been reported previously, and of the remaining 111 assignments, only 3 (Glu329, Arg330 and Thr411) are associated with chemical shifts that differ substantially from those previously reported (by more than 0.1 ppm in the 1 H dimension or 0.5 ppm in the 15 N dimension). A total of 132 assigned residues in camphorbound oxidized P450cam were also assigned sequentially in the 1-phenyl-imidazole-bound form; however, 32 of these show substantial chemical shift differences in the two forms of P450cam. Similarly, 16 out of 135 assigned residues show large chemical shift differences between the cyanidebound form and the cyanide-free form. Finally, eight residues were assigned exclusively on the basis of their PCS in the paramagnetic Ln 3+ -tagged samples (residues 14, 153, 154, 156, 241, 254, 382 and 405). The spectra of the paramagnetic Ln 3+ -tagged samples were assigned iteratively together with the fitting of the Δχ tensor [54] . Tm 3+ gives rise to large PCS that can make it difficult to assign the spectrum without an additional set PCS from a different lanthanide. Therefore, also Yb 3+ -labeled P450cam samples were used to provide PCS of an intermediate size.
In this work, the Yb 3+ -labeled protein samples were used exclusively for assignment purpose.
Restraint analysis
Gd
3+ -induced intermolecular PRE (R 2,para ) were determined as described by Battiste and Wagner [55] and converted to restraints as previously published [37] . The ratios of the peak height, I para /I dia , of amide signals in the presence of Gd 3+ -CLaNP-7-labeled binding partner (I para ) and the corresponding Lu 3+ -CLaNP-7-labeled protein (I dia ) were normalized by dividing them by the averaged values of the 10 largest I para /I dia ratios (0.96, 1.09 and 0.94 for P450cam mutant A, P450cam mutant B and Pdx mutant I samples, respectively). PRE (R 2,para ) were converted into distances using Eq. (1):
where r is the distance between Gd 3+ ion and a given amide proton; f bound is the fraction of the bound 15 N protein (f bound = 0.9); f labeled is the fraction of the CLaNP-7-labeled protein (f labeled = 0.8-0.9); g is the gyromagnetic ratio of proton; g is the electronic g factor; β is the Bohr magneton; ω h is the Larmor frequency of protons; μ 0 is the vacuum permeability; S is spin quantum number for Gd 3+ (S = 7/2); s c is the rotational correlational time of Gd 3+ -proton vector. s c was estimated to be 30 ns using HYDRONMR [56] for the Pdx-P450cam complex. The intermolecular distances were calculated according to Eq. (1) and divided into three classes of restraints: (i) residues with resonance peaks that completely broaden out in the paramagnetic spectrum (for these residues, only an upper limit of the distance was calculated), (ii) residues with resonances visible in the paramagnetic spectrum and with R 2,para ≥ 3.0 s − 1 (error margins were set to ± 3 Å to accommodate for experimental errors) and (iii) residues with R 2,para b 3.0 s − 1 (these residues were considered to be too remote from the Gd 3+ ion to cause a significant PRE and therefore only the lower limit was calculated and found to be 44 Å for mutant A).
The quality of fit between observed (O obs ) and backpredicted (O sim ) observables (PRE, PCS and RDC) was expressed in a Q value, Eq. (2). Note that the sum of observable and back-predicted values is used in the denominator because this makes the Q insensitive to the phenomenon that small O obs with large O sim give larger Q values than the other way around, unlike the standard Q with only O obs in the denominator.
Isothermal titration calorimetry
Calorimetric measurements were performed on a VP-ITC (MicroCal). The sample cell contained 50 μM CLaNP-7-labeled P450cam mutants and the injection syringe contained 1 mM WT Pdx in 50 mM Tris-HCl (pH 7.4), 100 mM KCl and 1 mM camphor. Titration experiments were carried out at 290 K with 30 injections of 10 μL with 350 s between each injection. The sample was mixed at 351 r.p.m.
Interface calculation
The buried surface areas were calculated using NAC-CESS [57] and ASA.PY [58] , with similar results. For the PdR-Pdx complex (PDB entry 3LB8), the interface area found by us is much larger than the small area reported [43] , for reasons that are unclear.
Cocrystallization, data collection and processing
After extensive screening, the following aerobic procedure resulted in crystals of the complex. We diluted 250 μM P450cam mutant A (K126C/R130C/C334A) and 500 μM Pdx C73S in 20 mM potassium phosphate, pH 7.0, containing 1 mM D-camphor, 2 mM DL-dithiothreitol and 1% (v/v) methanol. Both protein samples were then concentrated to the original volume to ensure the same concentration in a 3000-MWCO (molecular weight cutoff) Amicon Ultra at 4°C, 8500g. Drops were prepared by mixing 1 μL of P450cam and 1 μL of Pdx with 1 μL of a reservoir solution containing 100 mM Hepes-NaOH (pH 7.5), 100 mM NaCl and 1.6 M ammonium sulfate.
Diffraction data were collected at the Osaka University beamline BL44XU at SPring-8 (Hyogo, Japan) equipped with an MX225-HE detector (Rayonix), which is financially supported by Academia Sinica and National Synchrotron Radiation Research Center (Taiwan, Republic of China). Image data were processed and scaled with the HKL package [59] . Crystals of the P450cam-Pdx complex belong to the space group C2 with the following cell parameters: a = 101.7 Å, b = 78.0 Å, c = 60.0 Å and β = 95.6°. The data set was 99.6% complete overall to a resolution of 2.50 Å with an R merge of 9.8%.
Structure determination and refinement
Initially, the structure of P450cam mutant A was determined through molecular replacement. The molecular structure of P450cam determined at a resolution of 1.30 Å (PDB entry 2ZWU) [60] was used as the search model after omitting D-camphor, water, hydrogen atoms, alternative conformers and the side chains of amino acid residues, Lys126, Arg130 and Cys334, at the mutation sites. MOLREP [61] gave a unique molecular replacement solution, which was rigid body refined using CNS [62] . One P450cam molecule was found in the asymmetric unit, and the resulting initial model gave an R factor of 38% at a resolution of 2.5 Å after rigid-body refinement and minimization. A F o − F c difference Fourier electron density map calculated with the phase of the initial P450cam model gave strong signals, sufficient to confirm the presence of a Pdx molecule at the contour level of 2.0σ (Fig. S3) . Additionally, some signals due to the slight positional shift were also observed at several loop regions in the P450 molecule.
At the second stage, the structure of Pdx molecule was also determined through molecular replacement using MOLREP. The molecular structure of Pdx C73S (PDB entry 1OQR) [29] was used as the search model. One Pdx molecule was easily found close to the P450cam. After rigid-body refinement and minimization, the initial complex model gave an R factor of 32%. Several stages of model building for loop regions and refinement were performed to trace the entire P450cam and Pdx using Coot [63] and REFMAC [64] , the model was then thoroughly examined for possible errors using both maps at contour levels of 1.2σ (2F o − F c ) and ± 3.5σ (F o − F c ). The electron density for a glycerol from the cryoprotective solution was also observed near the heme group in the substrate-binding pocket of P450cam. The structure was refined to obtain R factor and R free of 0.19 and 0.25, respectively; RMSD values of bond lengths and angles from the ideal values were 0.017 Å and 1.8°, respectively. The refined P450cam-Pdx complex model was assessed using PROCHECK [65] and MOL-PROBITY [66] . The average B-factors for all atoms of P450cam and Pdx were 31.7 and 31.4 Å 2 , respectively. Some amino acid residues of the model showed slightly elevated B-factors and somewhat diffuse electron density. In the final model, 11 residues (Met-Gly-Thr-Thr-Glu-Thr-Ile-Gln-Ser-Asn-Ala) at the amino (N) terminus of P450cam, 4 residues (Ala 92 -Gly-Glu-Ala 95 ) in the BC loop of P450cam and 2 residues (Met-Gly) at the N terminus of Pdx were undefined owing to disorder.
